Enzyme-linked immunosorbent assay (ELISA) using Salmonella lipopolysaccharide (LPS) to measure specific IgG titers in cattle has proven useful. Serology can be used to assess vaccine responses and infection rates, to detect carriers, and to aid in epidemiologic studies. The objective of this study was to assess crossreactions using sera from cattle vaccinated with different Salmonella serogroups. ELISA plates using lipopolysaccharide from serogroup B, C1, C3, D1 or E1 as the plate antigens were tested. LPS was extracted from Salmonella typhimurium (Serogroup B; somatic antigens 01, 4, 12), S. montevideo (C1; 06, 7), S. kentucky (C3; 08, 20), S. dublin (D1; 01, 9, 12) and S. anatum (El; 03, 10) using the Westphal method.
Salmonella typhimurium and S. agona (Serogroup B; O antigens 1, 4, 12) , S. dublin, S. enteritidis, and nonmotile group D Salmonella (D1; 01, 9, 12) , S. montevideo, S. infantis, and S. mbandaka (C1; 06, 7), S. newport (C2; 06, 8), S. kentucky (C3; 08, 20), S. anatum (E1; 03, 10) are the Salmonella serotypes most frequently isolated from cattle in the United States. 2 Serology using enzyme-linked immunosorbent assay (ELISA) has proven useful for detection of carrier cattle 4,7,10 for assessing infection rates and vaccine re-, sponses, 4, 8, 9, 12 and as an aid in epidemiologic studies. 11 ELISA using lipopolysaccharide (LPS) as antigen has proven to be a sensitive and useful means of detecting S. dublin carrier cows, 4,7,10 but the specificity of the ELISA test using LPS antigens has not been adequately documented. 5 The somatic or O antigens of Salmonella are found in LPS and numbered according to monosaccharide constituents. Five common monosaccharides and 10 variable monosaccharides make up the Salmonella O antigens. 6 In order to assess the specificity of the LPS ELISA, somatic (O) antigens were used. Sera from 15 different cows, which had been vaccinated with 15 different serotypes of Salmonella (one serotype to each cow) representing 20 somatic antigens,were tested for cross-reactions. The 9 most frequently isolated cattle Salmonella serotypes are in serogroups B, C1, C2, C3, D1, and E1. The serotypes chosen for vaccination included 1 or more representatives of each of these 6 serogroups plus serotypes from serogroups A, E4, F, G1, G2, H, and K, so that antibodies to additional O antigens encountered by cattle were included and possible cross-reactions were explored (Table 1, Fig. 1 ).
Materials and methods
Enzyme-linked immunosorbent assay procedure. The ELISA was modified from that described by Carlsson et al. 1 A 96-well polystyrene microtitration plate a was used for the assay. The plate antigen (phenol-water-extracted LPS, 5µg/ ml) was added to the plate (0.1 ml/well), the plate was covered, incubated for 15 hr at 37 C, and washed 3 times, using phosphate-buffered saline solution (PBS, 0.9% NaCl) with 0.05% Tween-20 (pH 7.2). All plate washes and sample dilutions were performed using PBS with Tween-20. Serum samples were run in triplicate. Serum samples were diluted 1:50; 0.1 ml of diluted test serum was added to the antigencoated well and incubated for 20 min on a rotating shaker Table 1 . Fifteen Salmonella serotypes were used to vaccinate 15 different cows. The first 5 listed represent antigens found in the most common serogroups isolated from cattle, and were also used to produce LPS ELISA plate antigens except that S. montevideo (C1: 6, 7) was used as plate antigen in place of S. infantis (C1; 6, 7) (Figs. 1-5). Ten O somatic antigens not present in the first 5 serotypes listed were represented in the vaccine antigens to examine specificity of the ELISA reaction.
at 37 C in the dark. The plate was washed b and re-incubated for 20 min on a rotating shaker at 37 C with 0.1 ml/well of secondary antibody (affinity-purified goat anti-bovine IgG conjugated with horseradish peroxidase) c diluted 1:1,000 in PBS. Plates were washed 3 times with three 90-sec soaks prior to addition of 0.125 ml/well of the enzyme substrate (citric acid 0.05 M [pH 4.0]; 0.2 mM 2,2'-azino-bis [3-ethyl benzthiazole-6-sulfonic acid] diammonium salt; 0.2 M hydrogen peroxide) and were incubated for 20 min on a rotating shaker at 37 C in the dark. Plates were read by use of an automated ELISA plate reader d at a 410-450-nm dual-wavelength setting. The dual wavelength reading subtracts out light absorption at 450 nm. The substrate does not absorb light at this wavelength. This technique reduces interference from smudges and other non-specific sources.
All samples with positive results at the initial 1:50 dilution were reassayed in triplicate after serial dilution to determine end-point titer. The end point was defined as the dilution that yielded an optical density (OD) value equal to or greater than the mean OD+ 2 SD values of 50 culture-negative control samples. These negative cows had been fecal-culture negative 5 consecutive times at weekly intervals. Negative-control serum obtained from a persistently culture-negative cow 10 was applied to wells on each plate for quality control purposes. Three wells with all additions, except serum, were used * Antigen in common with screening antigen 
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(Group C1; 6, 7)) * Antigen in common with screening antigen to permit recognition of nonspecific conjugate binding to the antigen. Well A1 lacked the addition of antigen and serum and was the well on which the test was blanked. Any significant differences between well A1 and the 3 wells without serum would indicate a nonspecific binding of the conjugate. Preparation of LPS antigen by phenol-water extraction. Salmonella were grown unshaken in trypticase soy broth at 37 C for 18 hr (log phase growth). Bacteria were then killed by addition of formalin (1% final solution) and allowed to stand at room temperature for 12 hr. The media was centrifuged at 4,000 x g for 20 min and the sediment washed and centrifuged 3 times in PBS (pH 7.2). The final sediment was then lyophilized.
A solution of 1 g of formalin-killed bacteria/ 17.5 ml water was heated to 65-68 C while an equivalent amount of 90% phenol was preheated to 65-68 C. The phenol was then added and the mixture kept at 65-68 C with vigorous stirring for 20 min. The mixture was then placed into an ice bath and centrifuged for 30 min at 3,000 x g at 4 C. Three distinct layers form after centrifugation (lower phenol, middle white precipitate, and upper aqueous), and the upper aqueous layer is collected. The same amount of water taken is then replaced and the mixture was again heated, stirred, chilled, and the aqueous layer again collected.
The combined opalescent aqueous layers were dialyzed against water (molecular weight cut off = 12,000-14,000) for 2 days to remove the phenol. The dialyzed material was centrifuged at 3,000 x g for 20 min at 4 C to remove any insoluble material. The resulting solution containing LPS was then lyophilized, reconstituted in PBS, and used as ELISA antigen. Thimersol was added as a preservative. Antibody was measured on 6 different ELISAs containing different LPS. The 6 ELISA antigens used were LPS from S. typhimurium (serogroup B; 01, 4, 5, 12), S. dublin (D1; 01, 9, 12), S. montevideo (C1; 06, 7), S. kentucky (C3; 08, 20), S. anatum (E1; 03, 10), and a combined screening antigen mixture containing LPS from B, C1, C3, and E1 (01, 3, 4, 6, 7, 8, 10, 12, 20) . To optimize the combined screening antigen with respect to each of the serogroups represented, initial concentrations of each LPS type were the same as the optimal concentration for each LPS type when used alone. The screening antigen was diluted in serial 2-fold dilutions and tested against specific sera. The maximum signal with minimum LPS was selected. The final concentrations were: serogroups B and C1 antigens 8 µg/ml, C3 antigen 6.25 µg/ml, and E1 antigen 12.5 µg/ml.
Vaccines. Fifteen serotypes of Salmonella were chosen to represent a wide array of O antigens (Table 1, Fig. 1 ). Each * Antigen in common with screening antigen serotype was grown for 18 hr at 37 C without shaking in TBS. The culture was quantitatively evaluated for CFU/ml by plating with a calibrated loop and cells harvested by centrifugation. The pellet was washed with PBS containing 0.3% formalin and recentrifuged. The supematant was discarded, and the wash and centrifugation repeated twice. The final concentration of cells was 10 10 CFU/ml. Four parts aluminum hydroxide gel (Amphogel) to 1 part bacterial pellet in saline was added as adjuvant to adsorb bacteria. The final concentration of cells was 5 x 10 9 CFU/ml. Vaccine dose was 5 ml (2.5 x 10 10 CFU).
Animals and vaccination procedure. Prior to vaccination, sera from 15 yearling Holstein heifers were tested for IgG antibodies directed against O antigens 1, 3, 4, 5, 6, 7, 8, 12, and 20 and found to be negative. These are the O antigens found in the most common Salmonella serotypes isolated from cattle in the United States and comprise the antigen used in our laboratory for initial screening of sera for anti-Salmonella antibodies.
Each heifer was vaccinated subcutaneously 3 times at 2-3 wk intervals with a killed bacterin containing 5 x 10 10 CFU of one serotype of Salmonella (Table 1) . Four weeks following the third vaccine dose, sera were collected and antibody measured.
Results
Sera from the cows vaccinated with O antigens 1, 4, and 12 reacted strongly (at a titer of ≥ 1:400) with S. typhimurium plate antigen containing O antigens 1, 4, and 12 (Fig. 1) . Cattle vaccinated with two of the same O antigens (S. dublin; 1, 9, 12 or S. paratyphi A; 1, 2, 12) had lower positive serum titers, while cattle vaccinated with serotypes containing ≤ 1 of the same O antigens had negative titers (below 1:200). Serum from a cow vaccinated with S. infantis (06, 7) reacted very strongly on S. montevideo (06, 7) plate antigen, which consists of homologous O antigens (Fig. 2) . There was non-O-specific cross-reaction with serum from a cow vaccinated with S. anatum (03, 10). Similarly, with S. kentucky plate antigen (Fig. 3) , S. dublin plate antigen (Fig. 4) , and S. anatum plate antigen (Fig. 5) , serum titers were highest when vaccine antigens contained 2 or more O antigens homologous with plate antigen. With S. anatum plate antigen (Fig. 5) , S. senftenberg which only shares the 03 antigen reacted very strongly (at a titer of 1:800), and S. dublin with no O antigens in common reacted at a titer of 1:200. When the plate antigens were combined to produce a screening antigen, serogroups B, C1, C2, C3, D1, E1 and E4 were successfully detected, whereas sera from cows vaccinated with serogroups A, F, G1, G2, H, and K containing heterologous O antigens yielded negative titers (Fig. 6) . The 15 antisera from 15 cows vaccinated with 15 different Salmonella serotypes gave predictable ELISA readings based on the homology of the O antigens used as plate antigen and vaccine ( Figs. 1-6 ). The highest titers were seen when vaccine and ELISA plate antigen contained 2 or more identical O antigens. Antigens 03 and 08, and probably 12, elicited titers above 200 when present as the only homologous antigen, whereas antigens 01 and 06 did not. A positive cutoff of 1:200 and above was picked based on a higherthan-average background with animals that have been highly immunized, i.e., to maximize specificity.
Discussion
The results demonstrate that Salmonella serology in cattle using ELISA with phenol-water-purified LPS is highly O antigen-specific and predictable. This validates the application of an initial screening antigen which contains the O antigens found in the Salmonella serotypes most commonly associated with salmonellosis in cattle in the United States. A serum giving a positive result on the screening antigen can then be tested on the other antigens to determine what O an-tigens, and thus what Salmonella serotype, the animal is reacting to.
The low ELISA titers to the 1 and 60 antigens would indicate low immunogenicity of some O antigens. The reasons for this are not well understood. If the detection of some serogroups is based on a shared O antigen that has low immunogenicity, they will not be detected. The present study is limited by its use of 1 cow per bacterin, which may account for some of the unexplained variations. Although only 1 cow per serotype was used, many O somatic antigens were given to 2 or more cows with consistent results.
Salmonella serology can be used to develop herd profiles of exposures to Salmonella following outbreaks of diarrhea or abortion, to measure humoral responses to vaccines, to perform seroepidemiological studies, and to detect chronically infected Salmonella carriers (by persistence of elevated titers) as part of a Salmonella control program. 7 As with all serology, it has its limits: recently exposed animals may not yet have seroconverted, previously exposed animals may be seropositive and uninfected at the time of sampling, and some colonized animals may not seroconvert if the Salmonella serotype ingested does not multiply sufficiently or invade tissues. In spite of these limitations, Salmonella ELISA serology has been successfully applied to eradicate S. dublin in dairies. 3, 4, 7 Herd sensitivity and specificity of 100% for detection of infected herds were found in a recent study. 3
